T
he prototypic two-component system (TCS) comprises a membrane-anchored, stimulus-sensing histidine kinase (HK) and a response regulator (RR) with DNA-binding activity. Escherichia coli encodes 32 RRs and 30 HKs. Although many of these are well characterized (25) , almost nothing is known about the YehU/ YehT system (see Fig. 1 ).
The YehU/YehT system is one of the most widespread TCSs in bacteria and is found in several human and plant pathogens. Various systematic studies have failed to identify either the stimulus or the target gene(s) for this TCS (45) . Under all conditions tested, autophosphorylation of YehU and phosphotransfer to YehT were barely detectable (65) . A yehUT deletion mutant exhibited no phenotypic alterations when subjected to phenotypic microarray analysis (67) . However, overproduction of YehT was associated with moderate resistance to agents such as crystal violet or deoxycholate (28) .
The yehU and yehT genes form an operon with a 4-bp overlap, which is localized at 47.638 centisomes in the E. coli MG1655 genome (Fig. 1A) . The neighboring genes are mlrA (221 bp upstream of yehU) and yehS (46 bp downstream of yehT) (Fig. 1A) . mlrA encodes a regulator of curli production in pathogenic E. coli (9) . The function of yehS is unknown. Adjacent to these genes are the genes/operons yohO, osmF-yehYXW, yehR, and yehLMPQ. yehL encodes a putative ATP-binding subunit of the ABC transporter family (56) ; yohO encodes a small membrane protein (27) ; and the product of the osmF-yehYXW operon is a putative ABC transporter (13) . Thus far, no functions are predicted for the products of yehM, yehP, yehQ, or yehR.
Based on sequence and homology analysis, YehU is a LytS-like HK and YehT a LytTR-like RR (2, 48) . LytS HKs are putative sensors for peptidoglycan subunits in Gram-positive bacteria (11) . The input domain of YehU consists of the 5TM Lyt (LytSYhcK) domain (2) and a GAF domain (Fig. 1B) . Bioinformatic analysis suggests that YehU is anchored in the membrane by at least five transmembrane (TM) helices (according to the TMHMM, MEMSAT3, and OCTOPUS programs [29, 35, 62] ). The GAF domain is commonly found in cyclic GMP (cGMP)-specific phosphodiesterases, adenylyl cyclases, and the FhlA protein (hence GAF) and is capable, e.g., of binding cGMP and ions (12) , but its function in most proteins is still unknown (43) . YehT is composed of a CheY-like receiver and a LytTR-homologous DNA-binding domain (44) . In general, transcriptional regulators with a LytTR domain are involved in the biosynthesis of extracellular polysaccharides, in fimbriation, and in quorum sensing in several Gram-positive and Gram-negative species (44) . The LytTR binding motif was originally described as (T/A)(A/C)(C/ A)GTTN(A/G)(T/G) (44) . Subsequently, the structure of the LytTR domain of AgrA from Staphylococcus aureus was resolved, revealing a 10-stranded beta fold with an unusual mode of binding to the DNA (54) . This and other studies have indicated that the recognition motif of LytTR-containing RRs is more variable than previously supposed (19, 22, 54) .
Here we have undertaken a comprehensive characterization of the YehU/YehT system of Escherichia coli K-12. We identified and characterized yjiY as a direct target of YehT. Furthermore, our data suggest a role of the YehU/YehT system in the stationaryphase control network.
MATERIALS AND METHODS
Strains, plasmids, and oligonucleotides. E. coli strains and their genotypes are listed in Table 1 . Mutants were constructed by using the E. coli Quick and Easy gene deletion kit and the Bac Modification kit (both from Gene Bridges) as reported previously (26) . Both kits rely on the Red/ET recombination technique. The plasmids used in this work are listed in Table 1 .
yehT was amplified by PCR from genomic DNA using primers yehT N-6His EcoRI sense and yehT XbaI anti (see Table S1 in the supplemental material), which introduce codons for an N-terminal hexahistidine tag, a factor Xa site, and an additional NdeI site. The yehT variants yehT D54E and yehT D54N were constructed by two-step PCR using mismatched primers D54E sense, D54E anti, D54N sense, and D54N anti (see Table  S1 ) and the primers mentioned above. yehU was amplified by PCR from genomic DNA using primers yehU EcoRI sense and yehU C6-his XbaI anti (see Table S1 ), which introduce codons for a C-terminal hexahistidine tag, a factor Xa site, and an additional NdeI site. The yehU variant yehU H382Q was constructed by two-step PCR using mismatched primers H382Q sense and H382Q anti (see Table S1 ), as well as the primers mentioned above. yjiY-6His and yehUT were amplified by PCR from genomic DNA using primer pairs yjiY EcoRI sense/yjiY C-6His XbaI anti and yehU EcoRI sense/yehT XbaI anti, respectively (see Table S1 ). Amplified fragments were cloned into the EcoRI and XbaI sites in pBAD24. kdpE was amplified by PCR from genomic DNA using primers kdpE sense and kdpE antisense (see Table S1 ) and was cloned into the NdeI and XbaI sites in pBAD24-yehT, replacing yehT. Based on pBAD24-yehT, pBAD18-yehT was constructed by inserting the Shine-Dalgarno sequence from pBAD24 together with 6His-yehT into the NheI and SphI sites in pBAD18.
In the case of P yjiYϪ12/ϩ88 , P yjiYϪ112/Ϫ13 , P yjiYϪ212/Ϫ113 , and P yjiYϪ212/ϩ88 , promoter fragments were amplified by PCR from genomic DNA and were cloned into pUC19 via the EcoRI and BamHI sites. All mutated promoter constructs used for electrophoretic mobility shift assays (EMSAs) were produced by annealing complementary oligonucleotides and were cloned into pUC19.
Mutated yjiY promoter fragments used for in vivo studies were generated by two-step PCR using primers yjiY-5P-3 sense and yjiY-5P-1 anti and appropriate combinations of 2STPCR_ms, 2STPCR_m123, 2STPCR_m23, 2STPCR_m3, yjiY spacer 1, yjiY spacer 3, yjiY spacer 7, and yjiY spacer 13 (see Table S1 in the supplemental material), digested with EcoRI and BamHI, and cloned into vector pRS415. To analyze the expression of yjiY in more detail, a transcriptional fusion of the yjiY promoter (P yjiYϪ212/ϩ88 ) and the luciferase operon luxCDABE was generated by amplifying a DNA fragment of the yjiY promoter region using primers up yjiY 300bp BamHI sense and up yjiY EcoRI anti (see Table S1 ). The fragment was cloned into vector pBBR1-MCS5-TT-RBS-lux (23), resulting in plasmid pBBR yjiY-lux. pBBR1-MCS plasmids are low-to mediumcopy-number plasmids (30 copies/cell), with ColE1-and P15a-based replicons (34) . No incompatibility group has been defined for them (3), but they are compatible with IncP, IncQ, and IncW group plasmids.
Mutations in the cyclic AMP (cAMP) receptor protein (CRP)-binding site were introduced by amplifying the DNA fragment of the yjiY promoter region by two-step PCR using mismatched primers up yjiY Del CRP BS sense and up yjiY Del CRP BS anti (see Table S1 in the supplemental material) and the primers mentioned above. The resulting fragment was cloned into plasmid pBBR yjiY-lux, replacing the yjiY promoter region.
Molecular biological techniques. Plasmid DNA and genomic DNA were isolated using the HiYield Plasmid Mini kit (Süd-Laborbedarf GmbH, Gauting, Germany) and the DNeasy Blood and Tissue Kit (Qiagen), respectively. DNA fragments were purified from agarose gels using the Hi-Yield PCR cleanup and gel extraction kit (Süd-Laborbedarf GmbH). Phusion High-Fidelity DNA polymerase or Phire Hot Start DNA polymerase (Finnzymes) was used according to the supplier's instructions. Restriction enzymes and other DNA-modifying enzymes were purchased from New England BioLabs (NEB) and were used according to the manufacturer's directions.
Growth conditions and RNA isolation. E. coli MG1655 and the mutants MG2 and MG3 were transformed with plasmid pBAD24-yehT, pBAD24-yehT D54E, pBAD24-yehT D54N, or pBAD24-kdpE. Strains were grown overnight in lysogeny broth (LB) medium.
After inoculation of 100 ml of LB medium, cells were grown aerobically at 37°C to the early-exponential phase (optical density at 600 nm [OD 600 ], 0.5). At this point, overexpression of genes encoding the corresponding RRs was induced by adding 0.2% (wt/vol) L-arabinose, and growth was allowed to continue for 45 min. Cells were harvested, and total RNA was isolated essentially as described previously (1) and was treated with DNase I for 30 min to remove residual chromosomal DNA. Subsequently, RNA was purified using the RNA Pure kit (Süd-Laborbedarf GmbH).
Preparation of fluorescence-labeled cDNA, hybridization, and microarray analysis. Fluorescence-labeled cDNA was prepared, hybridization was performed, and microarray analysis was conducted by the Kompetenzzentrum für Fluoreszente Bioanalytik (KFB; Regensburg, Germany) using Affymetrix E. coli 2.0 chips with Affymetrix chemistry. RNA derived from three biological replicates was prepared and hybridized. Statistical analysis was also performed by KFB (Regensburg, Germany) using MAS5 software (Affymetrix).
Northern blot analysis. mRNA transcripts of potential target genes were quantitatively analyzed by Northern blot analysis. This technique reveals only relative induction levels by using a radioactively labeled probe that is specific for the mRNA of interest. The protocol used for Northern blot analysis has been described elsewhere (31) . Briefly, 20-g samples of RNA were fractionated by electrophoresis on 1.2% (wt/vol) agarose gels containing 1.1% (vol/vol) formaldehyde in MOPS (4-morpholinepropanesulfonic acid) buffer. RNA was transferred to a Hybond nylon membrane (GE Healthcare) by capillary blotting. Hybridization was performed by following a standard protocol (51) using an [␣-
32 P]dCTPlabeled PCR fragment specific for the first 99 to 1,000 bp of the target mRNA. The radioactive probes were synthesized using the Rediprime II (2) and a GAF domain. The G1 box of YehU is incomplete (G1*). YehT is made up of a CheY-like receiver domain and a LytTR-type DNA-binding domain (44) . The phosphorylation sites are indicated (H, His; D, Asp). N, G1, F, and G2 are conserved boxes in HKs; CM, cytoplasmic membrane.
DNA labeling system (GE Healthcare) and were purified with a PCR cleanup and gel extraction kit. Radioactive labeling was quantified with a phosphorimager. As a control, the expression of rpoD, a housekeeping gene of E. coli encoding the sigma 70 subunit of RNA polymerase (32) , was analyzed.
5= RACE. Rapid amplification of 5= cDNA ends (5= RACE) was performed according to protocols described previously (4, 7) with minor modifications. 5= triphosphates were converted to monophosphates by treatment of 5 g total RNA with RNA 5=-polyphosphatase (Epicentre Technologies) according to the manufacturer's instructions. Control Table  S2 in the supplemental material) was added, and the mixture was first heated at 95°C for 5 min and then quick-chilled on ice. The adapter was ligated to the purified total RNA with 50 U of T4 RNA ligase (New England BioLabs) at 17°C overnight. After extraction with phenol-chloroform, the ethanol-precipitated RNA (5 g) was reverse transcribed with gene-specific primers (2 pmol each) and ThermoScript reverse transcriptase (RT) (Invitrogen) according to the manufacturer's instructions. Reverse transcription was performed in three consecutive 20-min steps at 55°C, 60°C, and 65°C. Subsequently, the samples were treated with RNase H. The products of reverse transcription were amplified by PCR. Products were separated on 1.8% (wt/vol) Tris-acetate-EDTA (TAE) agarose gels, and bands of interest were excised, gel-eluted, cloned into pUC19 (linearized by SmaI), and treated with alkaline phosphatase (NEB). After transformation, colonies were screened for the presence of inserts of appropriate sizes by colony PCR with primers uni24 and rev24. Plasmids were purified, and the inserts were sequenced on an ABI 3730 automatic DNA sequencer (Applied Biosystems). Purification of 6His-YehT. E. coli BL21(DE3) cells harboring plasmid pBAD24-yehT were cultivated aerobically in LB medium supplemented with ampicillin (100 g ml Ϫ1 ) at 37°C to an OD 600 of 0.8, and overproduction was induced by adding 0.2% (wt/vol) L-arabinose. After 3 h of induction, cells were harvested, washed with buffer (10 mM Tris-HCl [pH 7.5], 5% [vol/vol] glycerol) at 4°C to remove residual medium, and stored at Ϫ80°C until use. The cell pellet was resuspended in 50 mM Tris-HCl (pH 7.5), 500 mM NaCl, 10% (vol/vol) glycerol, 30 mM imidazole, 1 mM dithiothreitol (DTT), 1 mM phenylmethylsulfonyl fluoride (PMSF), and 50 g ml Ϫ1 DNase I, and cells were disrupted using a cell disruptor (Constant Systems Ltd.) at 135 MPa and 4°C. Cell debris and unbroken cells were removed by low-speed centrifugation (12,000 ϫ g, 4°C, 20 min), and membranes were removed in a subsequent high-speed centrifugation (144,000 ϫ g, 4°C, 60 min). The Ni 2ϩ -nitrilotriacetic acid (NTA) resin (Qiagen) was equilibrated in buffer W1 (50 mM Tris-HCl [pH 7.5], 500 mM NaCl, 10% [vol/vol] glycerol, 30 mM imidazole, 2 mM ␤-mercaptoethanol). The soluble fraction was mixed with preequilibrated Ni 2ϩ -NTA resin and was incubated at 4°C for 30 min. The protein-resin complex was loaded onto a column and was washed with buffer W1 (100-fold of the resin volume). Subsequently, YehT was eluted using elution buffer (50 mM Tris-HCl [pH 7.5], 500 mM NaCl, 10% [vol/vol] glycerol, 300 mM imidazole, 2 mM ␤-mercaptoethanol). Eluted YehT was dialyzed against buffer (50 mM Tris-HCl [pH 7.5], 10% [vol/vol] glycerol, 2 mM ␤-mercaptoethanol, with stepwise reduction of NaCl 500, 300, 150, 100, 75, and 50 mM). All steps were monitored via sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (36) and Western blotting by using an anti-His antibody (Qiagen) and an alkaline phosphatase-conjugated anti-mouse antibody as the secondary antibody. The protein concentration was determined by the method of Lowry et al. (38) . The protein was about 95% pure as judged by SDS-PAGE and Western blot analysis using an anti-His-Tag antibody.
Acetyl[ 32 P]phosphate was synthesized using a protocol modified from that in reference 57 and was resuspended in a buffer (50 mM Tris-HCl [pH 7.5], 5% [vol/vol] glycerol, 0.1 mM EDTA, 1 mM DTT). The concentration was determined as described previously (37) . Phosphorylation of 0.6 mg/ml 6His-YehT was performed at 37°C with 20 mM MgCl 2 and 20 mM acetyl[ 32 P]phosphate for a maximum of 60 min. The reaction was stopped by adding SDS sample buffer (36) . Samples were the loaded onto an SDS-polyacrylamide (PA) gel. Phosphorylated YehT was detected by Western blotting and was visualized with the Typhoon Trio variablemode imager (GE Healthcare) after exposure to a phosphor screen.
EMSA. The upstream regulatory regions of yjiY, cspI, yhjX, and ypjB were amplified using a 5= primer labeled with the 6-isomer of carboxyfluorescein (6-FAM) (6-FAM uni24) and a unlabeled primer (rev24) (see Table S1 in the supplemental material) with the corresponding pUC19 plasmids as the template. Alternatively, short DNA fragments comprising parts of the yjiY upstream regulatory sequence were obtained by annealing of appropriate oligonucleotide pairs (pairs of yjiY YehT bs, yjiY YehT bs mut 1, yjiY YehT bs mut 2, yjiY YehT bs mut 3, yjiY YehT bs spacer mut), cloned into vector pUC19, and amplified by PCR as described above. After PCR amplification, the DNA fragments were purified by electrophoresis on 7% (wt/vol) polyacrylamide gels according to the protocol provided with the GenElute gel extraction kit (Sigma).
YehT-DNA binding assays were carried out in a total volume of 27.5 l containing 50 mM NaCl, 10 mM Tris-HCl (pH 7.5), 6% (vol/vol) glycerol, 5.45 ng l Ϫ1 salmon sperm DNA (as a nonspecific competitor), 1.1 nM 6-FAM-labeled DNA, 135 g ml Ϫ1 bovine serum albumin (BSA), and increasing concentrations of 6His-YehT. DNA-protein binding assay mixtures were incubated at room temperature for 15 min. Complexes were resolved by electrophoresis in native TAE polyacrylamide gels (5% [wt/vol]), which were prerun at 70 V for 1 h. After 3 h of electrophoresis at a constant voltage (10 V cm Ϫ1 ) in 0.5ϫ TAE buffer, gels were scanned in a Typhoon Trio variable-mode imager equipped with 488-nm (excitation) and 526-nm (emission) filters. Free DNA and protein-bound DNA were quantified using ImageQuant (version 5.0) analysis software (Molecular Dynamics).
DNase I footprinting. The DNase I footprinting protocol using 6-FAM-labeled DNA and an ABI 3730 DNA sequencer was adapted from the work of Zianni et al. (2006) (68) . Briefly, a 407-bp DNA fragment, including the upstream region of yjiY (bases Ϫ212 to ϩ88), was amplified from the corresponding pUC19 derivative and was purified as described above. Aliquots (550 fmol) of this 6-FAM-labeled DNA fragment were incubated with 300 nM, 600 nM, 1,200 nM, or 2,400 nM purified 6His-YehT or, as a control, with BSA in a total volume of 27.5 l (other components were 50 mM NaCl, 10 mM Tris-HCl [pH 7.5], 6% [vol/vol] glycerol, 135 g ml Ϫ1 BSA, 0.05 mM CaCl 2 , and 0.25 mM MgCl 2 ) at 25°C for 15 min.
DNase I (0.01 U) was added to the reaction mixture, which was incubated at 25°C for 2 min. The reaction was stopped by adding 137.5 l of DF buffer (Hi Yield PCR cleanup and gel extraction kit; Süd-Laborbedarf GmbH). After purification, the DNA fragments were analyzed with an ABI 3730 DNA sequencer. The sequences were analyzed with PeakScanner software, version 1.0 (Applied Biosystems). Positions were mapped according to a GeneScan 500 LIZ size standard (Applied Biosystems), which was corun with each sample.
␤-Galactosidase activity assay. Cells from overnight cultures of E. coli MG1655 ⌬lacZ transformed with pBAD18-yehT and pRS415 encoding various yjiY promoter::lacZ fusions were inoculated into LB medium (OD 600 , 0.05). Cultures were grown aerobically in Erlenmeyer flasks at 37°C to the mid-exponential-growth phase. YehT overproduction was induced by the addition of 0.2% (wt/vol) L-arabinose for 45 min. Cells were harvested, and ␤-galactosidase activities were measured as described previously (61) . Values are given in Miller units, calculated according to the method of Miller (42) .
Production and detection of YjiY-6His in the membrane fraction. E. coli BL21(DE3) cells transformed with pBAD24-yjiY were grown to an OD 600 of 0.5 in LB medium, and gene expression was induced by addition of 0.2% (wt/vol) arabinose. After growth for a further 3 h, cells were harvested by centrifugation, disrupted, and fractionated as described above. At each step, pellets were resuspended in equal volumes of TG buffer (50 mM Tris-HCl [pH 7.5], 10% [vol/vol] glycerol). An equal volume of each fraction was fractionated by SDS-PAGE (36) and was analyzed by Western blotting using a primary anti-His antibody as described above.
In vivo yjiY expression studies. In vivo yjiY expression was probed by a luciferase-based reporter gene assay using the pBBR yjiY-lux plasmid in E. coli MG1655 and its corresponding mutants (Table 1) .
For complementation studies, the yehUT operon was expressed under the control of the P BAD promoter in the absence of L-arabinose. Cells of an overnight culture grown in M9 minimal medium with 0.5% (wt/vol) glucose as a C source were inoculated into LB medium or M9 minimal medium (supplemented with different C sources and additives [20 mM amino acids, 0.5% {wt/vol} all other C sources, peptidoglycan fragments at 1/20, 1/200, 1/2,000, and 1/20,000 dilutions of peptidoglycan fragment solutions]), resulting in an OD 600 of 0.05. Cells were grown under aerobic growth conditions at 37°C, and the OD 600 and luminescence were measured continuously. The optical density of cultures was determined in a microplate reader (Tecan Sunrise) at 600 nm. Luminescence levels were determined in a Centro LB960 luminometer (Berthold Technology) for 0.1 s and are reported as relative light units (counts s Ϫ1 ) (RLU). Peptidoglycan fragment solutions of Bacillus subtilis, Lactobacillus casei, and E. coli were isolated as described by Shah et al. (2008) (53) .
Microarray data accession number. The complete microarray data set is listed in the ArrayExpress database (46) under accession no. E-MTAB-984.
RESULTS AND DISCUSSION
Phenotypic characterization of a yehUT deletion mutant. The E. coli strains MG1655 and MG2 (⌬yehUT) were phenotypically analyzed with respect to motility, biofilm formation, cell surface hydrophobicity, curli formation, and cell morphology, but no major differences were observed. Furthermore, neither different growth temperatures nor oxygen tensions nor carbon or iron starvation resulted in differences between the two E. coli strains (data not shown). In addition, the survival of the mutant under salt, osmotic, temperature, and heavy-metal stresses was tested and found to be comparable to that of the parental strain. A previous phenotypic microarray analysis that included about 2,000 different growth conditions also failed to uncover any significant difference between the wild-type strain and an isogenic yehUT mutant (67). Thus, under the conditions tested so far, the deletion of yehUT has no obvious phenotypic effect.
Identification of YehT target genes. To identify genes targeted by YehT, we used various strategies. The first approach was based on the assumption that target genes might lie in the neighborhood of the yehUT operon. We therefore measured levels of the transcripts of the yehR, yehS, mlrA, and yohO genes and the osmFyehYXW and yehLMPQ operons (Fig. 1A ) in E. coli MG1655 and the isogenic yehUT deletion mutant by Northern blot analysis, but we detected no differences between the two strains (data not shown). Each promoter was also tested by the electrophoretic mobility shift assay for the ability to interact in vitro with 6His-YehT. The calculated K D (equilibrium dissociation constant) values were in the range of 300 nM, indicating, at most, only low-affinity binding. These promoters did not contain the YehT-binding site that was subsequently characterized (see below). The discrepancy between the earlier transcriptome results and our study could be explained by indirect effects due to the yehUT deletion or strainspecific effects of E. coli BW25113.
For the second approach, we focused on the expression of genes that had previously been found to be differentially expressed as a consequence of yehUT deletion in strain BW25113 (yafT, cspB, rfc, yehR, rfaS, yjhC, and yjhA were downregulated, and mlc, hemH, focA, yccY, narG, narK, napD, nirB, feoA, malT, nikA, ilvC, and yjfO were upregulated) (45) . We compared levels of the transcripts of these genes in E. coli MG1655 and an isogenic yehUT deletion strain after growth to exponential or stationary phase under microaerobic conditions at 30°C, but again, no differences were noted (data not shown). In vitro data from EMSAs performed with 6His-YehT and DNA fragments encompassing the promoters of these genes yielded K D values in the range of 0.8 to 1.2 M, indicating extremely low affinities (see below).
The final approach was based on overproduction of YehT and subsequent transcriptome analysis. Such an artificial microarraybased strategy has already been used successfully, e.g., for identification of the targets of Rap proteins in Bacillus subtilis (5) or of EvgA in E. coli (39) . yehT was overexpressed from the arabinoseinducible promoter of plasmid pBAD24 in E. coli strain MG3, which is deficient in yehT. To avoid any side effects due to protein overproduction, cells with the same genetic background but overproducing KdpE instead of YehT were used as a negative control. KdpE is an RR required under conditions of K ϩ limitation with a distinct DNA-binding sequence that is found only once in the E. coli genome (59, 63) . The two strains grew at comparable rates under overproducing conditions (data not shown). Overexpression of yehT and kdpE was limited to 45 min; then total RNA was prepared. Production of YehT and KdpE was monitored by Western blot analysis and was found to be indistinguishable (data not shown). The global expression patterns of the two strains were analyzed using RNA obtained from three independent biological experiments using Affymetrix E. coli (version 2.0) chips. In the evaluation of differentially expressed genes, we excluded intergenic regions and considered only those genes that were well expressed (fluorescence, Ն100 arbitrary units) and showed a highly significant (P, Յ0.01 by the t test) difference in expression (at least 8-fold) between strains overexpressing YehT versus KdpE. A total of 32 genes met these criteria, with expression differences ranging from a maximum of 200-fold induction to 120-fold repression. As anticipated, yehT expression was increased about 5-fold, and kdpE expression rose 18-fold, in the respective strains. Overproduction of KdpE resulted in significant induction of the genes of the kdp-FABC operon (see Table S3 in the supplemental material) in the absence of the natural stimulus, providing an internal control for the reliability of this approach. The complete microarray data set is listed in the ArrayExpress database (46) under accession no. E-MTAB-984. Nevertheless, because overproduction of RRs is an artificial procedure, the microarray data had to be carefully validated. For this reason, we focused on those genes that showed the greatest differences in expression between the two test strains (see Table S2 in the supplemental material).
Validation of YehT-dependent target gene expression by Northern blot analysis. To validate the data obtained by the transcriptome analysis, we probed the transcription levels of all genes identified in strains MG1655 and MG2 following overproduction of YehT-D54E or KdpE (negative control) by Northern blotting (see Table S2 in the supplemental material). The YehT-D54E variant, in which the putative phosphorylation site was replaced by glutamate, was chosen to mimic the phosphorylated state of YehT (see below). The expression of all genes tested was affected either by overproduction of YehT-D54E or by overproduction of KdpE (see Table S2 ). According to this analysis, only 4 of the 32 genes identified (yjiY, cspI, ypjB, and yhjX) ( Table 2 ; Fig. 2A ) were directly dependent on YehT, while overproduction of KdpE directly or indirectly (e.g., due to increased K ϩ accumulation) influenced the expression of 28 genes (see Table S2 ). Among the YehT-dependent genes, expression of yjiY, which encodes a putative carbon starvation protein, was strongly induced (Table 2 ; Fig. 2A) . Expression of yhjX (coding for a putative resistance protein), cspI (a cold shock-like protein), and ypjB (a hypothetical protein) was found to be repressed upon overproduction of YehT (Table 2 ; Fig. 2A ). Since the stimulus perceived by the YehU/YehT system is unknown, we assayed transcript levels for all four genes in E. coli MG1655 and MG2 (⌬yehUT) following transient (45-min) overproduction of YehT, the putative phosphorylationindependent variant YehT-D54E, or the putative phosphorylationresistant variant YehT-D54N ( Fig. 2A) . Wild-type YehT and both variants significantly induced yjiY expression, while the expression of cspI, yhjX, and ypjB was repressed ( Fig. 2A) . yjiY was induced about 40-fold when YehT or either of its variants was overproduced in E. coli MG1655 or the yehUT mutant. yjiY expression was absent in the yehUT mutant ( Fig. 2A) . Increased expression of cspI (about 2-fold), yhjX (about 50-fold), and ypjB (about 1.5-fold) was observed in the yehUT deletion mutant, while overproduction of YehT or either variant caused repression of these genes ( Fig. 2A) . Thus, Northern blot analysis indicated a strong effect of YehT overproduction on the (2) of the gene is indicated (see Fig. 2A ). regulation of yjiY and yhjX and a much weaker effect on cspI and ypjB. At this time, we did not observe any differences between wild-type YehT and the putative phosphorylation-independent YehT-D54E variant or the phosphorylation-resistant, inactive YehT-D54N variant. As described below, an increase in the copy number of YehT overrides the necessity of phosphorylation. Identification of transcription initiation points in putative YehT target genes. Since the sequences upstream of yjiY, cspI, yhjX, and ypjB lacked any LytTR-like sequence motifs (44) and shared no obvious sequence similarity overall (data not shown), we suspected that not all were directly dependent on YehT. To localize possible YehT-binding sites, we first mapped the 5= untranslated regions (5= UTRs) of these genes using rapid amplification of 5= cDNA ends (5= RACE) with PCR. The same RNA used for the microarray analysis was analyzed by 5= RACE. The transcription initiation points were determined to lie at Ϫ88 bp for yjiY, Ϫ45/Ϫ145 bp for cspI, Ϫ37 bp for yhjX, and Ϫ389 bp for ypjB (data not shown). Numbers correspond to positions upstream of the translation start point at ϩ1.
YehT-promoter DNA interaction studies. To quantitatively analyze the interaction between YehT and its potential target promoters, we used EMSAs. For this purpose, we cloned DNA fragments comprising the transcriptional start point, the putative Ϫ35 and Ϫ10 boxes, and sufficiently large upstream and downstream regions into vector pUC19. These fragments were amplified and were simultaneously labeled by using a primer pair that included one 6-FAM-labeled primer.
YehT with an N-terminal hexahistidine tag (6His-YehT) was purified by Ni 2ϩ -NTA affinity chromatography. The purified protein could be phosphorylated with acetyl[ 32 P]phosphate, indicating its native state.
The fluorescence-labeled DNA fragments were incubated with increasing concentrations of 6His-YehT (0 to 2,400 nM). 6His-YehT bound tightly to the yjiY promoter region (K D , 75 nM) (Fig.  2B) . The corresponding K D values for all other fragments were determined to be in the range of 275 to 800 nM (275 nM for cspI, 600 nM for yhjX, 800 nM for ypjB) (Fig. 2B) . A 276-bp fragment amplified from the lysP promoter of E. coli (P lysP [50] ) was used as a negative control. A K D value of Ն900 nM was determined for this control fragment. Since nonspecific protein-DNA interactions are also influenced by the lengths of the DNA fragments, we defined a K D value of 275 nM or higher as nonspecific binding.
Specific binding affinities for LytTR RRs are generally in the nanomolar range (54) . Thus, the affinity of the monomeric DNAbinding domain of AgrA for its target sequence was determined by a K D of 80 nM (54), a value similar to that for YehT. However, the affinity of the full-length AgrA for its target is about 10-fold higher and is further increased in the phosphorylated state (33) . Phosphorylation of 6His-YehT did not affect the affinity of the RR for the yjiY promoter region (data not shown). It is worth mentioning that 6His-YehT has a high tendency to aggregate. The active protein fraction was determined to be 10 to 20% by measurement of binding in the presence of an excess of the labeled yjiY promoter DNA fragment (data not shown). This finding might explain the differences between AgrA and YehT. Nonetheless, our results indicated specific and high-affinity binding of 6His-YehT to the yjiY promoter region. Taken together, the data indicate that YehT binds with the highest affinity to the yjiY promoter, and induction of this gene was clearly dependent on YehU/YehT. Hence, subsequent detailed analysis focused on the yjiY promoter.
Characterization of the yjiY promoter and definition of the YehT-binding site. Although PSI-BLAST analysis and secondarystructure prediction clearly identified YehT as a protein with a LytTR-binding domain, the promoter region of yjiY shows hardly any similarity to the consensus LytTR-binding sequence (44) . Therefore, we directly localized the YehT-binding site within the yjiY promoter by DNase I footprinting. A DNA fragment comprising the Ϫ212-to-ϩ88 segment of the yjiY promoter/control region was incubated with various concentrations (0 to 2,400 nM) of 6His-YehT. YehT specifically protected a 58-bp stretch between positions Ϫ101 and Ϫ44 (Fig. 3A and C) . The degree of protection increased with the concentration of 6His-YehT (data not shown). Within the protected stretch, three repeats of the motif CC(G/ A)CT(C/T)A (Fig. 3C) , designated M1 to M3, were identified using MEME (http://meme.sdsc.edu/meme/intro.html). The distances determined were typical for protein binding sites in general (40) .
In parallel, the 300-bp yjiY fragment was divided into three 100-bp fragments (Fig. 3B) , each of which was tested in EMSAs. 6His-YehT bound very tightly to the P yjiYϪ112/Ϫ13 fragment (K D 75 nM) (Fig. 3B) , while its affinity for the other two fragments was about 5-fold lower (K D , 300 to 500 nM) (Fig. 3B) . Thus, these data reveal that 6His-YehT binds within the region between positions Ϫ112 and Ϫ13 upstream of the yjiY transcriptional start site (Fig. 3C) .
Tight binding of YehT at sites within the sequence from bp Ϫ101 to bp Ϫ44 was confirmed by EMSAs testing P yjiY P (Fig. 4A) . 6His-YehT bound very tightly to this DNA fragment, with an affinity (K D 75 nM) in the same range as that for the P yjiYϪ112/Ϫ13 fragment (Fig. 3A) . We then probed the roles of the three repeat motifs in the YehT-binding site separately, using mutated fragments in EMSAs (Fig. 4A) . In these variants, one or all of the three motifs were partially or completely altered by substituting purines for pyrimidines and vice versa. Complete replacement of motif M3 (P MM3 ) did not significantly alter the affinity for 6His-YehT (K D 120 nM). However, replacement of M2 in addition (P MM23 ) or removal of all three motifs (P MM123 ) significantly reduced the affinity of 6His-YehT for the corresponding DNA fragments (K D 280 nM in each case). Substitution of the spacer sequence between M1 and M2 (P yjiY SC14 ) also decreased the affinity for 6His-YehT (K D 300 nM).
In addition, the effect of alterations within the yjiY promoter was tested in vivo. Reporter strains carrying various yjiY promoter::lacZ fusions were tested for ␤-galactosidase activity. E. coli MG1655 ⌬lacZ was transformed with plasmid-encoded yehT and various pRS415 P yjiY ::lacZ fusions representing the same variants of the YehT-binding motif (Fig. 4B) . Overproduction of YehT resulted in maximal yjiY promoter activity in the case of the wildtype YehT-binding motif (P yjiY P ) (Fig. 4B) . Elimination of all three motifs (P yjiY MM123 ) or motifs M2 and M3 (P yjiY MM23 ) by mutagenesis prevented the induction of yjiY. In contrast, cells with a mutated motif M3 (P yjiY MM3 ) were able to induce the yjiY promoter, albeit to a significantly lesser degree than the wild type (Fig. 4B) . Also, the spacer sequence between motifs M1 and M2 (P yjiY SC14 ) was found to be important for yjiY induction (Fig. 4B) . These data are in complete accordance with the results of the EMSAs (Fig. 4A) .
In addition, we tested the importance of the individual motifs M1 and M2, as well as the spacer between M2 and M3. Substitutions in either M1 (P yjiY MM1 ) or M2 (P yjiY MM2 ) abolished yjiY promoter activity, whereas yjiY promoter activity was detectable, albeit significantly reduced, when the spacer between motifs M2 and M3 was mutated (data not shown).
A more-detailed mutagenesis study of the 14-bp spacer between motifs M1 and M2 revealed that replacement (substitution of purines for pyrimidines and vice versa) of only 13 nucleotides (P yjiY SC13 ) instead of all 14 nucleotides (P yjiY SC14 ) partially restored promoter activity (Fig. 4B) . These data suggest that the adenine nucleotide in front of M1 and hence M2 seems to be part of the DNA-binding motif. The substitution of one (P yjiY SC1 ), three (P yjiY SC3 ), or seven (P yjiY SC7 ) central nucleotides within the 13-bp spacer enhanced promoter activity (Fig. 4B) , indicating an influence of surrounding DNA structure on yjiY expression.
In summary, these data suggest a core YehT-binding site within the yjiY promoter consisting of two direct repeats of the sequence motif ACC(G/A)CT(C/T)A, which are linked by a 13-bp spacer. The third motif (M3), as well as the intervening spacer, probably stabilizes the YehT-DNA complex.
The LytTR-like transcriptional activator BrsR of Streptococcus mutans binds to a similar DNA motif, which is composed of a direct repeat of 9 bp (ACCGTTTAG) with a 12-bp spacer (41, 64) . These data are in accordance with the general description of LytTR-binding sites, which are often made up of two direct repeats of 9 to 10 bp separated by 12-or 13-bp spacers (16, 20, 33, 54) .
Furthermore, we suggest that binding of YehT to the yjiY promoter is modulated by the sequence-dependent structure of the surrounding DNA, as has been described for FsrA, a LytR-like RR in Enterococcus faecalis (19) . Similarly, binding of PlnD and PlnC to target promoter DNA was also strongly influenced by variations within the spacer sequence (49) . LytTR-like proteins might induce bending of DNA, a process that may play a hitherto underappreciated role in transcriptional regulation (17) .
Strikingly, a search of the E. coli genome revealed that the YehT-binding motif is found only within the yjiY promoter. In addition, we checked all differentially expressed genes identified by our microarray analysis (fold change, Ͼ1.5) as well as those described in the earlier transcriptome study (45) , for the presence of the YehT-binding motif. However, this motif was not found in the regulatory regions of these genes. Therefore, yjiY seems to be the only target regulated by the YehU/YehT system. Characterization of YjiY. yjiY is located at 98.87 centisomes on the E. coli chromosome, disconnected from the yehUT operon. In the genomes of other bacteria, e.g., Aeromonas hydrophila, Aeromonas salmonicida, Photorhabdus asymbiotica, and several species of Shewanella, Vibrio, and Clostridium, the yehUT operon and yjiY, or a gene encoding a similar sequence, are colocalized (60) . This finding provides another hint for a functional relationship between YehU/YehT and YjiY. yjiY, which codes for an inner membrane protein with 16 to 18 predicted transmembrane helices (18) , is homologous to CstA, a carbon starvation protein and putative peptide transporter (52) . YjiY and CstA share high degrees of sequence similarity (75.4%) and identity (61.1%). To obtain experimental proof for YjiY production and membrane integration, yjiY-6His with six codons encoding a C-terminal histidine tag under the control of the arabinose promoter was overexpressed in E. coli BL21(DE3). Cells were then disrupted and fractionated. Immunological analysis with an anti-His antibody indicated that YjiY-6His was indeed produced as a membraneintegrated protein (Fig. 5A) .
Stimulus-response analysis of the YehU/YehT system. To gain insight into the in vivo expression pattern of yjiY, a transcriptional fusion of the yjiY promoter (P yjiYϪ212/ϩ88 ) and the luciferase luxCDABE operon was constructed (plasmid pBBR yjiY-lux). E. coli MG1655 and E. coli MG2 were transformed with this plasmid and either pBAD24 or pBAD24-yehUT. Growth and luminescence (as a measure of yjiY expression) under aerobic conditions were monitored in these cultures over time. All strains tested showed comparable growth patterns (Fig. 5B) . yjiY was expressed in E. coli MG1655 after approximately 3 h of growth. At this time, the population was undergoing the transition into the stationary-growth phase. No induction of yjiY was observed in the yehUT deletion mutant MG2 (Fig. 5B) . Complementation of this mutant with plasmid-encoded yehUT restored yjiY expression, but growthphase-dependent induction was no longer observed (Fig. 5B ).
Furthermore, we tested the effect of substitution mutations in the predicted phosphorylation sites of YehU and YehT on yjiY promoter activity. Replacement of the conserved histidine (H382) in YehU with a glutamine prevented yjiY induction (Table 3) . Mutation of the conserved aspartate in YehT to glutamate (resulting in the putative phosphorylation-independent variant YehT-D54E) or to glutamine (resulting in the putative phosphorylation-resistant, inactive variant YehT-D54N) caused about a 2-fold increase or a 10-fold decrease in yjiY induction, respectively (Table 3 ). This yjiY induction pattern clearly indicated the importance of phosphorylation for the YehU/YehT-system. However, when the copy number of YehT was increased (by the addition of arabinose as an inducer), yjiY induction became independent of the phosphorylation state of YehT (Table 3) , which explained the results of the Northern blot analysis (see above).
In an effort to identify the stimulus perceived by the YehU/ YehT system, E. coli strains MG1655 and MG2 were transformed with plasmid pBBR yjiY-lux. Cells were grown in aerobic culture in the presence of different carbon sources, and luminescence and growth were continuously monitored. No yjiY expression was recorded in the yehUT mutant under any of the conditions tested (data not shown). In strain MG1655/pBBR yjiY-lux, the maximal luciferase activity was determined and was used as an indicator for the degree of induction of yjiY (Fig. 5C) . We found strong induction of yjiY when this reporter strain was grown in media containing mixtures of peptides and amino acids, such as LB, Casamino Acids (CAA), or peptone. Induction was significantly reduced, or even absent altogether, when glucose was available concurrently. Induction of yjiY was detectable when cells were (Fig. 3C ) of the yjiY promoter, comprising motifs M1, M2, and M3, and several mutated variants of the same region were analyzed by EMSA following incubation with the indicated concentrations of 6His-YehT. In the mutant fragments, motifs M1 to M3 were systematically removed by substituting purines in the sequence for pyrimidines and vice versa. The resulting fragments were designated P yjiY MM3 (M3 site replaced), P yjiY MM23 (M2 and M3 replaced), and P yjiY MM123 (all three M sites replaced). In addition, the 14-bp spacer between M1 and M2 was mutated in the same way, resulting in fragment P yjiY SC14 . All fragments were analyzed by EMSAs. The positions of free DNA (filled arrows) and YehT-DNA complexes (open arrows) are marked. (B) Effects of the various substitutions within the yjiY promoter on YehT-dependent transcription in vivo. E. coli MG1655-⌬lacZ/pBAD18-yehT was transformed with plasmid pRS415 encoding various yjiY promoter::lacZ fusions (see the text for detailed descriptions). Bacteria were cultivated under aerobic growth conditions in LB medium at 37°C until the exponential-growth phase. Then yehT overexpression was induced by adding 0.2% (wt/vol) L-arabinose, and cells were harvested after 45 min. ␤-Galactosidase (LacZ) activity was then determined as a measure of yjiY promoter activity. Experiments were performed at least three times, and error bars indicate the standard deviations of the means.
grown in minimal medium with amino acids (Ala, Asn, Asp, Gly, Glu, Ile, Pro, Ser, Thr) or acetate, gluconic acid, glucuronic acid, or pyruvate as the sole carbon source. Growth on typical phosphotransferase system (PTS) sugars, e.g., glucose, galactose, mannose, mannitol, and fructose, as sole carbon sources did not activate yjiY expression (data not shown).
However, the same phenomenon was also detected for non-PTS sugars, such as lactose, maltose, and glycerol (data not shown). Induction of yjiY was also detectable when cells were grown with succinate as the C source in the presence of different amino acids as supplements (Fig. 5C) . Remarkably, both the L-and D-isomers of the amino acids were efficient inducers. 
BL21(DE3)
. Subsequently, cells were disrupted and fractionated, and the cellular localization of YjiY was analyzed by SDS-PAGE and Western blotting. An equal volume of each fraction was loaded in each lane, and a monoclonal mouse antibody against the 6-His tag was used for detection. YjiY-6His was detected in the crude cell extract (CE), the low-speed pellet (LSP), and the high-speed pellet (HSP), but not in the cytoplasmic fraction (CP). (B) A luciferase-based reporter assay was used to determine the pattern of yjiY expression. E. coli MG1655 () and E. coli MG2 (⌬yehUT) (OE) were transformed with pBBR yjiY-lux and were grown in LB medium. In addition, these reporter strains contained plasmid pBAD24 or pBAD24-yehUT. The latter was used for complementation of strain E. coli MG2 (). Bacteria were cultivated under aerobic conditions, and growth (solid lines) and the activity of the reporter enzyme luciferase (dashed lines) were determined. The luciferase activity (expressed as relative light units divided by the optical density of the culture [RLU/OD 600 ]) served as a measure of yjiY expression. (C) Influence of medium composition and supplements on yjiY expression, as measured with the reporter strain E. coli MG1655/pBBR yjiY-lux. Bacteria were cultivated under aerobic conditions in complex medium (LB) or M9 minimal medium with the indicated carbon sources (20 mM amino acids, 0.5% [wt/vol] all other carbon sources; CAA, Casamino Acids). Glucose (Glc) (0.5%, wt/vol) was added where indicated. Bacteria were also grown in M9 minimal medium with succinate as a carbon source, supplemented with the indicated amino acids (20 mM). Growth and luciferase activity were monitored continuously. The maximal luciferase activity normalized to an optical density of 1 (RLU/OD 600 ) was used as a measure of the degree of induction of yjiY. All experiments were performed at least three times, and the error bars indicate the standard deviations of the means.
Murein subunits have been postulated as potential stimuli for the homologous HK LytS in S. aureus (10) . Therefore, we isolated peptidoglycan fragments from B. subtilis, Lactobacillus casei, and E. coli and tested them as additives in our reporter strain assay. None of these fragments caused significant induction of yjiY (data not shown).
The induction profile raised the possibility that the yjiY gene might also be regulated by cAMP and the cAMP receptor protein (CRP). Indeed, yjiY expression was significantly reduced or prevented in a cyaA or a crp mutant (Table 3) . Moreover, a CRP consensus sequence was identified in the upstream regulatory region (Fig. 3C) . Mutation of this motif reduced yjiY induction to the same degree as in the cyaA mutant (Table 3 ).
Finally, we tested whether YjiY, a putative transporter, had an effect on yjiY induction. Induction of the P yjiY -luxCDABE reporter was found to be 4-fold higher in the yjiY mutant than in the parental strain (Table 3) . Even so, the growth-phasedependent induction pattern of the mutant was indistinguishable from that of the parental strain (data not shown). Therefore, it seems unlikely that YjiY exerts a feedback regulatory effect on its own expression.
In summary, expression of yjiY is induced at the transition of the E. coli culture into the stationary-growth phase, and induction requires cAMP and CRP. This profile is similar to that of the induction of cstA (52) . Synthesis of CstA is subject to an additional regulation by CsrA, a protein that blocks the ribosome binding site in cstA mRNA (21, 52) . yjiY is expressed primarily in E. coli grown on amino acids or peptides as carbon sources. The concurrent availability of glucose, which is accompanied by low intracellular cAMP levels (47), almost abolishes the expression of yjiY. These results suggest that YjiY, like CstA, takes part in amino acid/peptide utilization. However, the function of YjiY is unknown thus far. The participation of YjiY in peptide/amino acid uptake or the export of some stillunknown quorum-sensing molecule can only be speculated on.
Further studies are required to identify the function of YjiY, its mode of transport (importer or exporter), its specific substrate, and the mode of energization.
In conclusion, the YehU/YehT-system was identified as another player within the complex carbon starvation control network. Subsequent experiments will focus on the elucidation of the stimulus perceived by YehU and the function of YjiY.
